A comparative analysis of specialization and extinction risk in temperate-zone bats A comparative analysis of specialization and extinction risk in temperate-zone bats
A comparative analysis of specialization and extinction risk in temperate-zone bats
Abstract
Identifying the factors that influence the extinction risk of animals is essential in conservation biology because they help identify endangered species and provide the basis for their preservation.We present a comparative study that uses data from the literature on the diet and morphological specialization of European and North American bat species to investigate the effect of specialization on extinction risk. We focused on bats because many species are endangered and their high ecological diversity makes them a good model system for our purpose. After correcting for phylogenetic inertia, we compared the influence of dietary niche breadth as a measure of food specialization and of wing morphology as a measure of foraging strategy, habitat adaptation, and migratory ability on the vulnerability of 35 insectivorous bat species. Our results do not support the hypothesis that a narrow dietary niche breadth is related to high extinction risk. Instead they suggest that habitat specialization, which is reflected in wing morphology, influences the extinction risk of bats. Our study shows that an initial risk assessment in temperate-zone bats could be based on data of wing morphology but not on dietary data obtained from fecal analyses.
Introduction
Identifying the traits that separate species with a high extinction risk from taxonomically related but not endangered species is a key issue for conservation biology.
Therefore, recent studies made considerable efforts to identify the relevant factors leading to higher extinction risks (Laurance 1991; Landweber & Dobson 1999; Owens & Bennett 2000; Purvis et al. 2000; Cardillo & Bromham 2001; Crooks 2002; Dulvy & Reynolds 2002; Duncan et al. 2002; Harcourt et al. 2002) .
The main factors found to influence extinction risk are body size and the degree of specialization (habitat and/or diet; Owens & Bennett 2000; Purvis et al. 2000) . Large body size generally results in low reproduction rate and hence in low ability to recover from population declines (Owens & Bennett 2000; Purvis et al. 2000) . At the same time large animals often have higher susceptibility to human persecution (Owens & Bennett 2000; Cardillo & Bromham 2001; Duncan et al. 2002) . The second significant factor influencing extinction risk is niche differentiation. Through specialization on certain diets (i.e. niche breadth), foraging strategies, or habitat types, species avoid competition. But specialization also leads to an increment on the dependence on some specific resources (Begon et al. 1996) . Hence, when relevant resources decline, specialists are likely to suffer more than generalists, as generalists can switch to other available resources (Wilson et al. 1999; Harcourt et al. 2002; Hopkins et al. 2002) .
A positive relationship between habitat specialization and extinction risk has been found in various taxa (e.g. insects: Hughes et al. 2000; reptiles: Foufopoulos & Ives 1999 , birds: Owens & Bennett 2000 mammals: Harcourt et al. 2002) . However, the relationship between dietary specialization and extinction risk is less clear. A few existing comparative analyses investigated the association between dietary specialization and conservation status, but also provided contradictory results (Laurance 1991; Reed 1995; Wilson et al. 1999; Harcourt et al. 2002; Hopkins et al. 2002) .
Their high ecological diversity makes bats (Microchiroptera) a good model for investigating the influence of foraging strategy and dietary specialization on extinction risk.
Microchiroptera have a worldwide distribution and the nearly 1000 species occupy a variety of ecological niches (Kunz & Pierson 1994; Hutson et al. 2001) . Furthermore, bats are of high conservation interest because many species are endangered. Factors such as habitat destruction, pesticide use, and direct human persecution are thought to be the main causes for the observed population declines (Kunz & Racey 1998; Hutson et al. 2001) . Some comparative studies investigate the factors influencing extinction risk in bats (Fenton 1997, 4 2003; Jones et al. 2003) . However, to our knowledge, no publication quantitatively investigated the relationship between dietary specialization and extinction risk in bats although the necessary data are available for European and North American species.
The feeding behavior of bats is difficult to assess directly, owing to their nocturnal lifestyle. Instead, fecal analysis, as the standard non-invasive method, has been widely applied to gain information about the diet of bats . Furthermore, the foraging strategies of bats are reflected by measurable characteristics of their wing morphology (Norberg & Rayner 1987) . Among the comparatively well studied insectivorous species living in Europe and North America variation and pronounced differences in wing morphology exist. Species specialized on hunting flying insects in open space (aerial insectivores) usually fly fast and have relatively narrow and pointed wings. Hence, they have high wing loading values and aspect ratios but low wingtip areas and wingtip indices (Norberg 1986; Norberg 1987; Binindaemonds & Russell 1994; Norberg 1994) . By contrast, bats that are specialized on hunting insects close to the vegetation or the substrate (gleaners and water surface foragers) usually fly slowly and have relatively broad wings (Baagøe 1987; Norberg & Rayner 1987; Fenton & Bogdanowicz 2002) . Thus, compared to aerial insectivores, species foraging in cluttered space generally have low wing loading values and aspect ratios but high wingtip indices and wingtip areas.
Bats with broader wings have higher maneuverability but also increased costs for commuting over long distances (Norberg & Rayner 1987; Neuweiler 1989; Norberg 1994) . As a consequence, wing morphology may restrict bats to certain habitat types and possibly to certain prey taxa. Furthermore, wing morphology influences the migratory behavior (Baagøe 1987; Norberg 1987; Fenton & Bogdanowicz 2002; Miller-Butterworth et al. 2003) . For example, gleaners often hunt in forests and generally have low migration tendencies, whereas aerial insectivores cannot exploit flightless prey within vegetation and often show long distance migration.
Morphological and dietary specialization probably promoted the enormous adaptive radiation in bats (Neuweiler 1993; Arita & Fenton 1997; Miller-Butterworth et al. 2003) .
However, at present, specialization may be disadvantageous for the survival of bats in an environment affected by humans through fragmentation, and rapid alteration. Some previous work suggests that food specialization in bats (i.e. dietary niche breadth) may be correlated with the rarity of a species, or it's vulnerability to extinction (Sierro & Arlettaz 1997; Vaughan 1997 ). This idea assumes that specialized species can rarely switch prey types, and that specialists if the preferred prey becomes scarce, face an elevated extinction risk. Such a positive association between dietary specialization and rarity has been demonstrated for specialized phytophagous insects and highly monophagous mammals such as the Giant Panda (Ailuropoda melanoleuca : Carter et al. 1999; Hopkins et al. 2002) North-American bats, the number of species in our data set is biased towards European bats (23 versus 12 species). Some of the 44 studies contained only data from one study site in a specific year. Others contained data from several sites collected either in the same, or in different years. To standardize studies, we defined a single "observation" for a given bat species to be the data collected from one particular site in one year. We obtained 125
observations for the 35 bat species. The number of observations per species ranged from one to 19, the average was 3.6 (see Appendix for details). The analyzed studies classified prey to the level of the order in case of adult insects, and to the level of the class for all the other prey types (for example juvenile stages).
In addition to their different ways of collecting samples, the 44 studies also differed in the methods of analysis. Depending on the method applied, data were given as relative To create a homogeneous data set we first converted %O values into %F values. We can write:
and
From the equations (1) and (2) the result becomes:
For a given number of analyzed droppings (D) percentage frequency (%F) can be calculated:
Converting %F in %V values is not easy because the way the two values are inferred from fecal samples differs fundamentally. As suggested by Kunz & Whitaker (1983) ten of the 44 publications presented their results (which included 17 prey taxa) both as %F and %V for a given bat species (sources: Kunz & Whitaker 1983; Bauerova & Ruprecht 1989; Whitaker & Clem 1992; Whitaker & Lawhead 1992; Sample & Whitmore 1993; Kunz et al. 1995; Lacki et al. 1995; Whitaker et al. 1996; Whitaker et al. 1997; Rydell & Petersons 1998) . This allowed us to estimate the relationship between %V and %F values. The different ways of inferring %F and %V allow the possibility that method-specific biases arise (Robinson & Stebbings 1993) , which are connected to the fact that different taxa have different detectability in feces and differ markedly in size (e.g. larger prey could occupy more space than smaller insects). To evaluate whether method-specific biases exist in our data set, we tested whether prey taxon and/or publications influenced the estimated values of %V. First, we searched for the curve estimation with the best fit, by choosing among all significant curve-estimation models the one with the highest R 2 . Subsequently in a mixed model we tested the effects taxon and publication on the model as random variables. The parameter estimations and mixed model variance analyses were performed using generalized linear models (GLM), which then were used to convert all data into one cross-comparable form (%V).
Classification of species specific diet niche breadth and wing morphology Diet niche breadth was estimated from the data by using Levins' index (Krebs 1998):
Where B is Levins' measure of niche breadth and %V i is the volumetric proportion of prey items of a category i from i=1 to n categories. Diet niche breadth was calculated using the average of all "observations" on a specific species. For simplicity, we used for %O, %F
and %V values between zero and one instead of percentage values. The relative proportion of prey categories (%V) was log transformed (Aitchinson 1982) prior to the further analysis, except for the calculation of Levin's index.
Morphological data
We used, for the analysis of wing morphology, data from the most comprehensible and complete study available, the standard publication by Norberg and Rayner (1987) . We exclusively used this data set, because the authors present already standardized values of wingspan, wingtip length, and wingtip area. Furthermore they introduced the wingtip index, which describes the shape of the wings. Applying a single data set avoids biases, which can be caused by comparing several studies that use different measurement methods. However, by restricting our analysis to the data set of Norberg and Rayner (1987) , we missed, completely or partly, morphological data for six of our 35 study species (Eptesicus nilssonii,
Hypsugo savii, Pipistrellus kuhlii, Rhinolophus blasii, Rhinolophus mehelyi, and Tadarida teniotis).
Comparison of diet niche breadth, wing morphology, and conservation status
The assessment of extinction risk was taken from the 2001 IUCN red data-book for microchiropteran bats. This standard publication categorizes species either as lower riskleast concern (LRlc), lower risk -near threatened (LRnt), vulnerable (VU), or endangered (EN) (Hutson et al. 2001) . To ensure that inclusion in risk categories reflect real endangerment and not limited knowledge, we excluded species that were listed by the IUCN as data deficient (DD). Of the 35 European and North American bat species analyzed in our study, 22 were categorized by the IUCN as LRlc, 5 as LRnt, 6 as VU, and 2 as EN. The eight species categorized by the IUCN as threatened (EN and VU) all were assigned to their respective category because of population declines in the past or predicted for the future (Hutson et al. 2001) . We treated the above levels as continuous characters, varying from 0 to 3. This assumes a continuous spectrum of extinction risk underlying the IUCN categories, which represent discrete approximations (for a similar approach see: Purvis et al. 2000) .
To account for the limited number of species, we first conducted a factor analysis on the morphology data to reduce the number of variables. All following statistical tests were performed on phylogenetic independent contrasts (Felsenstein 1985; Pagel 1999) , generated with the CAIC software (Purvis & Rambaut 1995) and on data not corrected for phylogeny (treating the species as independent). We used the phylogeny provided by Jones et al. (2002) to infer the taxonomic relationship between the species used in this analysis.
Branches were set to equal length (Garland et al. 1992) . We used multiple regression together with model simplification to find the minimum adequate model (MAM, forcing the regression through the origin for the phylogenetic contrasts: (Purvis & Rambaut 1995) .
Therefore, initially all variables were introduced as predictors. The predictor with the lowest reduction in variance was dropped at each step until all remaining predictors were significant.
This way, we investigated whether wing morphology, body size, and diet were correlated with conservation status. The statistical analyses were programmed on SAS-lab statistical package version 6.12 for Mac-OS (SAS Institute Inc. 1993).
Results

Comparison of fecal analysis methods
Comparing %F to %V values revealed that a cubic relationship yielded the best fit ( figure 1) . In a mixed model we tested for the influence of the random effects of prey taxa and publication on the estimation curve (table 1) The mixed model showed that neither prey taxa nor publication had a significant influence on the model (table 1). Correlates of extinction risk
In the multiple regression analysis we included the two obtained clusters of morphology data and Levin's index of dietary niche breadth. Only the cluster containing the size-independent morphological variables correlated significantly with the IUCN category.
This cluster contains the two variables wingtip index and wingtip area. The cluster increases significantly with higher extinction risk of a species, which means that species with high wingtip index (i.e. rounded wings) and large wingtip areas (i.e. broad wings) tend to be higher in conservation status. This pattern was consistent, irrespective of whether the data were contrasted phylogenetically, or whether species were treated as independent (table 3) .
Dietary niche breadth remained non-significant. Thus, the only significant predictor of extinction risk was the cluster of size-independent wing measures (table 3). To check whether consumption of particular prey taxa correlated with IUCN status, we examined the significance of the log converted prey consumption data. In an exploratory procedure, we tested each prey taxon as a separate predictor. This was done using phylogenetic contrasts and treating species as independent variables. Our analysis resulted in non-significant correlations for all prey taxa (data not shown), which is in accordance with a lack of correlation between dietary specialization and IUCN status.
Discussion
Food specialization and extinction risk (Altringham 1996) . Thus, variables other than diet are likely determinants of extinction risk in temperate-zone bats. In some other animals, diet has been shown to play a key role for vulnerability and abundance, for example in phytophagous insects, where species often are highly specialized on a few or even one specific host plant (Hopkins et al. 2002) . However, for vertebrates the existing studies do not allow a general conclusion to be drawn on the relationship between dietary specialization and rarity or extinction risk (Blackburn et al. 1993; Owens & Bennett 2000; Cardillo & Bromham 2001; Dulvy & Reynolds 2002; Duncan et al. 2002; Johnson 2002) .
Wing morphology and extinction risk
In contrast to dietary niche breadth, characteristics of the wing morphology that are independent of body size were significantly correlated with the IUCN conservation status of the respective species. Bats with broader wings, as indicated by their increasing wingtip areas and wingtip indices, were more often in the categories of higher extinction risk than species with narrow or intermediate wing morphology (see also a recent publication by Jones et al. 2003) . Thus, our data suggest that bats specialized on foraging close to, or within the vegetation, on average face higher extinction risk than aerial insectivores or species with comparatively flexible foraging strategies. The fact that the eight most threatened species all forage in forests or at riparian vegetation (Barbour & Davis 1969; LaVal et al. 1977; Schober & Grimmberger 1998 ) is in line with this hypothesis. Loss of forest is believed to be an important reason for the decline of bats (Hutson et al. 2001) , thus species foraging in closed vegetation should be the first to suffer. This assumption is supported by habitat surveys, which suggest that human impact on woodlands affects bat abundance and diversity (Stebbings 1995; Walsh & Harris 1996; Kunz & Racey 1998; Russ & Montgomery 2002) .
In addition to their effect on the foraging strategy, wings that are broad, short, and rounded impose high costs on commuting flights. Thus, species with such wing morphology often have restricted migratory and dispersal abilities (Baagøe 1987; Norberg & Rayner 1987; Altringham 1996) . This could limit their ability to re-colonize areas in which populations went extinct but which became suitable again (Miller-Butterworth et al. 2003) . In Europe, the total area of woodlands increased over the past 50 years. But such secondary forests may have lower quality and accessibility for bats than natural forests (Mayle 1990; Stebbings 1995) . Whether habitat suitability or accessibility is more important in determining the current vulnerability of bat species cannot be answered within this study. To investigate this, we suggest further analyses that include variables, such as echolocation characteristics, which allow a better separation between adaptation to cluttered habitat and dispersal ability (Neuweiler 1984 (Neuweiler , 1990 .
Although body size is identified as a key factor in influencing the extinction risk of animals, we found no evidence that this is the case in bats too (see also Jones et al. 2003) .
Generally, body size is related to longevity and long reproductive cycles (i.e. slow life history), and hence low population density (Blackburn et al. 1993; Purvis et al. 2000) . In temperate-zone bats body mass varies only between 5 and 40g and most species are monoparous and long-lived (Barbour & Davis 1969; Schober & Grimmberger 1998) .
Therefore, temperate-zone bats are exceptions to the rule of size-dependent generation time and can generally be regarded as species with slow life histories (Neuweiler 1993; Schober & Grimmberger 1998; Jones & MacLarnon 2001) . The lack of a relationship between size and life-history could explain why body size-dependent variables did not correlate with extinction risk in our study, which is in line with findings in neotropical bats (Arita 1993) .
Our study, in concordance with a recent study by Jones et al. (2003) , suggests that bat species adapted to highly cluttered habitats face a higher extinction risk than average.
However, exceptions exist on the level of single species. For example, bat species hunting over water (trawlers and water surface foragers) have similar wing morphology compared to species hunting close to or within dense vegetation. Whereas the latter are often considered as highly endangered, some species foraging over water are very common and may profit from anthropogenic factors that lead to an increase of eutrophic water bodies harboring large masses of insects (Hutson et al. 2001) . This example makes clear that wing morphology data alone cannot fully separate between different foraging strategies and habitat adaptations (compare Saunders & Barclay 1992; Fenton & Bogdanowicz 2002) . The second reason why some species do not fit in the overall pattern is that they face specific threats. The Mexican free-tailed bat (Tadarida brasiliensis), an aerial insectivore forms huge aggregations (consisting of up to 20 million individuals), which makes the species potentially highly susceptible towards human persecution and disturbance is as a result considered by the IUCN as at "Lower risk near threatened" (Hutson et al. 2001 ).
Conclusions
The aim of this study was to investigate whether specialization influences extinction risk in temperate-zone bat species. Our data do not support the hypothesis that narrow dietary niche breadth is related to high extinction risk. Instead they suggest that habitat specialization, which is reflected in wing morphology, influences the extinction risk of temperate-zone bats. The underlying factors for the observed correlation between wing morphology and extinction risk are likely to depend on the habitat availability and/or the habitat accessibility. Our study shows that an initial risk assessment in bats could be based on data of wing morphology, but not on diet data obtained from fecal analyses. Basing risk assessment on wing morphology has the great advantage that the relevant data can be obtained very easily. Here we did not intend to explain specific factors influencing the local situation of particular populations or specific species. Furthermore, we are aware of the fact that the IUCN risk assessment, although reflecting the best of our knowledge and being widely used for action plans, may not be the ultimate statement about a species' real extinction risk (Hutson et al. 2001) . Thus, besides global approaches as adopted in this Eptesicus nilssonii 0 0 10 8.7 2.85 0. 29 Rydell 1986; Rydell 1989; Rydell 1992b Eptesicus serotinus 0 0 4.1 7 2.50 2.15 Robinson & Stebbings 1993; Catto et al. 1994; Beck 1995 Hypsugo savii 0 ND 0.6 ND
